Rats were subjected to nutritional growth retardation either from conception to 5 postnatal days of age (fetal and neonatal restriction ( F N R ) group), or from 5 to 25 postnatal days of age (infantile restriction ( I R ) group). The FNR group may serve a s a model for the human small-for-dates baby.
significantly reduced in weight by 4%, 5%, and 4%, respectively, in FNR animals when compared with controls. Only cerebellum and midbrain were affected in IR rats of the same age, but in both regions the percentage deficits (8% and 9%, respectively) were greater than in FNR animals. Both cerebellum and midbrain weighed significantly less in IR than in FNR rats.
The timing of nutritional growth retardation appeared to be of little consequence to the regional brain turnover of 5-hydroxytryptamine in adulthood. The rate of synthesis in the hippocampus of both FNR and IR animals was significantly faster (67% and 75%, respectively) than in controls. The increased turnover could perhaps represent "overactivity" of those 5-hydroxytryptaminergic neurons terminating in the hippocampus.
Some differences in the behavior of the previously undernourished adult animals were also evident. On the fifth day of testing, control rats were most venturesome in the open field. Eighteen control rats left the edge zone within 2 min, whereas only 8 FNR and 11 IR rats did so. Most animals froze immediately after a 7-sec exposure to a loud electric bell. The delay before moving about again differentiated the three groups. FNR rats took longest to move out of the area in which they froze.
Speculation
Lasting changes have been shown here in rats undernourished a t a stage of development commonly implicated in the growth retardation of many human small-for-dates infants. It would therefore be fostered to a well nourished mother and subsequently receive a good nutrition to adulthood. These animals are referred to as the FNR group.
Such FNR rats do not grow to be as large as controls, despite an early phase of partial or even complete catch-up (5, 33) . Their brains are uniformly small, insofar as the three major brain regions examined show similar deficits in weight; and they probably contain fewer synapses (33) . In the present study a more detailed investigation was made of the brain architecture of FNR rats.
For a few days after their transfer from a low to a high plane of nutrition at 5 days of postnatal age, the FNR rats show evidence of retarded neurologic maturation, but they appear to make good these delays quite soon (5). However, there still remains the possibility of some lasting effects on behavior. In an attempt to assess some aspects of emotional behavior, observations were made during the present investigation on the behavior of adult rats in stressful situations.
Early undernutrition may also have some lasting effects on brain metabolism. For example, alterations in the activities of enzymes involved in the metabolism of certain neurotransmitters have been found in adult rats after early growth restriction (1, 3, 21) . However, in vivo transmitter turnover rates have not been investigated in such animals. The present study examines the regional brain turnover of 5-hydroxytryptamine (5-HT) in adult FNR rats. Cerebral 5-HT metabolism was chosen for investigation not only because of its probable importance to brain function, but also because disturbed peripheral metabolism of the monoamine is a feature of a variety of conditions involving mental handicap (26, 27. 38) .
1n addition to well fed controls, another group of rats was undernourished from 5 to 25 postnatal days (IR animals) for comparison with the FNR animals. METHODS unwise a t this stage to conclude that such babies emerge unscathed from intrauterine growth retardation.
R A T S
The subsequent growth and neurologic and intellectual outcome Details of environmental control and rearing conditions (34) and for human infants who are growth retarded in utero is currently of nutritional treatments (5) have been described previously in receiving much attention. The difficulties in performing and detail. Undernourished maternal rats were restricted to approxiinterpreting such long term studies as are necessary are great and mately 50% of the food intake of controls throughout pregnancy include, for example, those connected with the possible interaction and lactation. Litters were reduced to eight animals (five males, of different postnatal environments with the effects of prenatal three females) at birth, and at 5 days of age were fostered in one of growth restriction. Animal experiments, however, allow these three ways: (I) between control mothers (control young, C), (2) variables to be controlled in a systematic way. from a control to an underfed mother (IR young), and (3) from an An animal model has recently been proposed for the human underfed to a control mother (FNR young). All rats were fed a d small-for-dates baby, in which increasingly severe nutritional libitum from weaning at 25 days of age. They were housed growth retardation is applied from conception to 5 days of thereafter two or three per cage in single sex groups. Males only postnatal age by underfeeding the mother (5, 33) . At 5 days of age were used in the present study. Rats were weighed at birth (day 0), the rat has reached a stage of brain growth comparable with the at 5, 25, and 35 days, fortnightly thereafter till 19 weeks of age, human term baby (see Reference 5) . At this time the young are and again when killed at 20 weeks.
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SMART ET A L T E S T I N G O F B E H A V I O R
The rate of accumulation of 5-HT in each brain region was Twenty male rats were tested from each group. These were drawn from 11 C, 10 F N R , and 6 IR litters. The rats were tested in an open field at about 16 weeks of age and in a passive avoidance situation at about 19 weeks. They were caged singly 3 days before each test and remained so till the end of each test. Between tests the original groups were reconstituted.
The animal rooms were on a 12-hr white light112 hr red light cycle. Rats were tested during the first few hours of their red phase. They were removed to another room at this time for observation in white light.
Open Field Test. A 74-cm diameter open field was used (34) . Intensity of illumination in the center at floor level was 1,000 lux. Each rat was placed at the edge of the field and observed for 2 min on each of 5 consecutive days. The following were recorded: the number of areas of the field entered, the frequency of rearing on the hind legs, the number of fecal boli deposited, and the time of the first excursion out of the edge zone.
Testing in the open field was continued beyond 2 min on the 5th day to include a bell response test devised by Archer (8) . Eight seconds after the end of the open field test a loud electric door bell was switched on and allowed to ring for 7 sec. The number of areas entered by the rat while the bell was ringing was noted and the length of time for which it froze (remained still) after the bell stopped ringing. The latter was scored as latency to move a paw, to move the head, and to leave the area where freezing occurred.
Passive Avoidance Test. The two-compartment box was as previously described (35) , except that (I) the walls of both compartments were of aluminum, and (2) the floor of the "safe" compartment was of smooth, white, nonconducting material. Electric shocks of 200 V (peak amplitude) from a source resistance of 150 kQ could be delivered through the grid floor in the other compartment.
Details of the experimental procedure are given elsewhere (35) . Briefly, in test 1 rats received a 2-sec inescapable shock when they crossed from the safe to the shock compartment. In test 2, 1 day later, they were replaced in the safe compartment. Time taken to cross between compartments on test 1 and 2 and reaction to shock on test 1 were recorded. Rats were observed during test 2 by closed circuit television to minimize disturbance by the experimenter.
At 20 weeks of age the regional brain turnover of 5-HT was determined by measuring accumulation of the amine after inhibition of its degrading enzyme, monoamine oxidase (25) . Animals were decapitated a t various time intervals (0, 30, 60, or 90 min) after administration of tranylcypromine (20 mg/kg body wt, ip) in physiologic saline. They were killed between 9:00 and 12:00 A M to minimize possible diurnal changes in cerebral 5-HT metabolism (19, 29) . Animals were disturbed as little as possible after injection. Whole brain excepting olfactory lobes was removed, placed on a glass tile embedded in a solid C0,-ice mixture, and dissected into pons-medulla, cerebellum, hypothalamus, midbrain, hippocampus, striatum, and cerebrum. The dissection was performed as described by Glowinski and Iversen (17) except that the pons-medulla was separated by a cut from the middle of the interpeduncular nucleus emerging immediately anterior to the cerebellum. This region included the caudal third of the mesencephalon and contained, therefore, the majority of the 5-HTcontaining nerve cell bodies (13) . "Midbrain" consisted of the remainder of the mesencephalon and the thalamus and subthalamus. Cerebrum comprised the cerebral hemispheres except for the striatum. The'composition of all other regions was as described by Glowinski and Iversen (17) .
Each sample was frozen as quickly as possible over solid CO, before weighing, and stored a t -20' until assayed for 5-HT by the spectrophotofluorometric method of Curzon and Green (12) . calculated using regression analysis. The amount of 5 -~~z i c c u m ulated in 60 min, derived from the regression cppfficient, was taken as an estimate of the rate of svnthesis or tu-rriover of the monoamine. Assessment of the significance of regression coefficients and of the differences between regression coefficients was achieved -by multivariate analysis (28) .
RESULTS
BODY G R O W T H
I R rats, undernourished between 5 and 25 days of postnatal age, showed a body weight deficit of 59% at 25 days (Table 1) . ' P < 0.001 compared with each of the other groups.
P < 0.01 compared with each of the other groups. P < 0.001 compared with C rats. Although I R rats subsequently grew a t a rate comparable with control rats, they were still significantly smaller than both control and F N R animals at 20 weeks of age (Fig. 1, Table 1 ).
5-HT IN SMALL-FOR-DATES RATS
Immediately before nutritional rehabilitation from 5 days of age, F N R rats had a mean body weight deficit of 34% compared with controls. After rehabilitation from 5 days, F N R animals were indistinguishable from controls between 25 days and 13 weeks of age (Fig. I) . Beyond 13 weeks, however, the F N R group showed a smaller weight gain than controls and the significant difference a t 15 weeks of age persisted until the animals were killed a t 20 weeks (Table 1) . 
BRAIN W E I G H T IN A D U L T H O O D
Brain weight in I R rats was significantly reduced (3%), but only by as much a s in FNR animals (4%) even though the former group showed greater impairment of bodily growth (Tables I and 2 ). The brain weight to body weight ratio was raised significantly in IR animals, suggesting a sparing of brain growth relative to other organs and tissues by postnatal nutritional restriction. The regional distribution of the brain weight deficit differed between the two early undernourished groups (Table 2) . In F N R animals, cerebellum, midbrain and cerebrum were reduced in weight by 4%, 5%, and 4% respectively. Only cerebellum and midbrain were affected in I R rats, but in both regions the percentage deficits (8% and 9%, respectively) were greater than in F N R animals. Both cerebellum and midbrain weighed significantly less in IR than in F N R rats.
Results are means + SE. Rats were killed 0, 30, 60, or 90 min after receiving tranylcypromine (20 mg/kg body wt). There were five to seven animals at each time interval in each group. F values are derived from multivariate analysis of the regression lines. C: control; FNR: fetal and neonatal restriction; IR: infantile restriction. "Significant effect of treatment, P < 0.05. 
R E G I O N A L T U R N O V E R O F 5-HYDROXYTRYPTAMINE
Under the present assay conditions it was not possible to detect 5-HT in cerebellum reliably. Even after 90 min of monoamine oxidase inhibition, no well defined peak of fluorescence characteristic of the 5-HT fluorophore could be demonstrated. The rate of accumulation of 5-HT in this region was not estimated, therefore.
However, in all other regions studied, the accumulation of 5-HT was linear over 90 min, and all regression coefficients for all groups of animals were highly significant ( P < 0.001). In control animals, turnover decreased in the order: hypothalamus > midbrain > pons-medulla > striatum > cerebrum > hippocampus, which correlates well with the regional distribution of tryptophan hydroxylase activity (14) . This is the rate-limiting enzyme in the synthesis of 5-HT (24) .
A test of the null hypothesis that the true regression lines of C, F N R , and I R animals were parallel (although not necessarily ' P < 0.05. coincident) for each region gave an F value of 3.738, on 2 and 62 degrees of freedom for the hippocampus ( P < 0.05, Table 3 ).
T h a t is, the three lines were not parallel; their slopes differed significantly. Further analysis of this d a t a (Table 4) shown graphically in Figure 2 , revealed a significant difference in slope between control and F N R ( P < 0.05) and between control and I R animals ( P < 0.05). There was no significant difference between I R and F N R rats. The turnover of 5-HT in the hippocampus of both F N R and I R animals was therefore significantly faster than in control animals. Contrary to previous and less appropriate statistical analysis of these results (37) , smaller differences in turnover in the striatum and pons-medulla were not significant.
OPEN FIELD TEST
Results for the five 2-min sessions in the open field were subjected to a two-way (treatments and days) analysis of variance with repeated measures (39) . Areas entered, frequency of rearing, and fecal boli deposited all declined across days ( F = 117.04, P < 0.001; F = 29.05, P < 0.001; and F = 4.74, P < 0.01, respectively; degrees of freedom 4, 228 in all cases). There was no significant effect of treatment on the above three measures, although the I R rats tended to rear most often and to deposit most fecal boli. None of the interaction components of variance was significant.
Latency to leave the edge of the open field did not differ between groups till day 5, when the C rats were the most venturesome. Eighteen C rats left the edge zone within 2 min, whereas only 8 F N R ( P < 0.005) and l l I R rats did so (P < 0.05, both X 2 tests corrected for continuity).
The typical response to the bell was for the rat to dash frantically about the open field for as long as the bell was ringing, then to freeze immediately that it stopped ringing. Some seconds later it would move its head, then a paw, and eventually begin cautiously to walk about again. The delay before performing the last response differentiated the three groups. Seven F N R rats took more than 200 sec to move out of the area in which they froze, whereas no C ( P < 0.025) and only one I R animal took that long ( P < 0.05, both X 2 tests corrected for continu~ty).
PASSIVE AVOIDANCE TEST
There were no significant differences between groups on any measure of behavior recorded in the passive avoidance situation (Mann-Whitney U-tests).
DISCUSSION
The present results confirm that a relatively mild degree of growth retardation before 5 days of age in rats results in a small but highly significant reduction in body weight in later life (5, 33) . This permanent stunting can apparently occur even in rats which initially show complete "catch-up" with controls by the time of weaning. The later fall-off in growth occurred from about 12 weeks of age (Fig. I) , somewhat later than in a previous experiment (5).
Furthermore, it seems clear that F N R rats show a small but permanent impairment in brain growth. The deficit in brain size was similar to that in body weight, in marked contrast to I R rats which were typical of postnatally undernourished rats in showing brain "sparing" (high brain to body ratio) as adults. Undernutrition to 5 days of age appeared to have a fairly uniform effect on the later growth of different brain regions. This was again in contrast to I R animals where a selective effect on cerebellum and midbrain was found. These findings in the brain accord well with the effects of inhibitors of D N A synthesis (hydroxyurea, cytosine arabinoside) when given to fetal or postnatal rats (2, 4) .
The timing of nutritional growth retardation appeared to be of little consequence to the regional brain turnover of 5-hydroxytryptamine. The rate of synthesis of the monoamine was significantly increased by approximately the same amount in the hippocampus of both FNR and IR animals. The increased turnover could perhaps represent "overactivity" of those 5-hydroxytryptaminergic neurons terminating in the hippocampus. However, this requires further investigation, perhaps by examining the turnover of labile "functional" pools of 5-HT (30). Nevertheless, it is possible that altered hippocampal 5-HT metabolism may play some part in the generation of the behavioral abnormalities of F N R animals, especially in view of the evidence of an involvement of 5-hydroxytryptaminergic systems in the regulation of emotional behavior (for review see Reference 11).
Changes in neurotransmitter metabolism in previously undernourished animals might be mediated through secondary nonnutritional factors. A number of endocrine systems are important in brain development and it is possible that hormonal imbalance in early life might permanently affect aspects of brain metabolism. For example, growth-retarded suckling rats show a high production of cort~costeroids (6, 36) , as do malnourished children (7) . The hippocampus may be a major target for circulating corticosteroids (22, 23) , and under certain circumstances corticosteroids may influence brain 5-HT metabolism (9) . Thus it seems possible that in growth-retarded animals, hippocampal 5-HT metabolism may have been permanently altered by early exposure to abnormal corticosteroid concentrations.
The overall impression of the behavior of the F N R rats was that they differed little from controls in the situations described in the present paper, except that there were some indications of what might be called greater "timidity." Fewer of them ventured away from the edge of the open field on day 5, and they were slower to start moving about again after the bell. There are no strictly comparable animal studies to which these findings can be related. The most relevant are probably those in which rats have been much more severely growth-retarded until birth and well nourished thereafter. These experiments, however, d o not provide a wholly appropriate model for the small-for-dates baby. The growth restriction is probably too severe too soon (15) . Human fetal growth is at its fastest in the third trimester and it is principally then that intrauterine growth retardation due to restriction of placental transmission is thought to occur.
Rats are born at a stage of brain development comparable with the human fetus at midterm, and growth restrictions as severe as 20% are unlikely to have occurred by that time (16) . It could be argued that confining growth restriction to the period from birth to 5 postnatal days would have provided an even more realistic model for the small-for-dates baby than the one actually used. However, even with fostering to a mother underfed throughout pregnancy, there would be a delay while fetal reserves were metabolized before the undernutrition would become effective.
Simonson and her colleagues (18, 20, 31) report considerable differences in the behavior of adult rats as a result of prenatal growth restriction, imposed by underfeeding the mother. Their rats are slower to set off from the start point in open field and maze situations, less active, less efficient at learning the route through a maze, and more inhibited by experience of electric shock. The tendency for our F N R rats to be more "timid" certainly fits this general pattern, although their deficiency was very much less. Unfortunately Simonson and her colleagues give no birth weights in any of these papers. However, Chow and Stephan (10) quote birth weights from eight separate experiments in which the mother rats were underfed as in the behavioral studies mentioned above. The mean birth weight deficit was rather more than 20%. The animals in the present experiment, whose weight deficit widened from 13% at birth to 34% at 5 posthatal days, probably provide a more realistic model for the small-for-dates human baby. Permanent changes have been shown here in rats undernourished at a stage of development commonly implicated in the growth retardation of many human small-for-dates infants. It would therefore be unwise at this stage to conclude that such babies emerge unscathed from intrauterine growth retardation.
S U M M A R Y
Developing rats were growth retarded by underfeeding their mothers either from conception to 5 postnatal days ( F N R rats) or from 5 to 25 postnatal days (IR rats). All young were fostered at 5 days and all were f e d a d libitum from 25 days. The F N R young had a body weight deficit of 34% at 5 days, and are taken to be a model for the human small-for-dates term baby. Their bodily growth caught up with that of well nourished controls by 25 days, but fell away in early adulthood, such that by 20 weeks they again had a significant body weight deficit. Their ultimate brain growth was also impaired, especially that of the cerebrum, cerebellum, and midbrain. Whole brain weight was lower in IR rats also, but no lower than in F N R rats despite the greater body weight deficit of the I R rats. Turnover of the neurotransmitter 5-HT was found to be increased in the hippocampus of both F N R and I R animals. In tests of emotional behavior using an open field, adult F N R rats appeared to be more timid than controls. They were slower to start to explore the center of the field and more inhibited by the loud ringing of a bell.
